nvadopodia are actin-rich membrane protrusions with a matrix degradation activity formed by invasive cancer cells. We have studied the molecular mechanisms of invadopodium formation in metastatic carcinoma cells. Epidermal growth factor (EGF) receptor kinase inhibitors blocked invadopodium formation in the presence of serum, and EGF stimulation of serum-starved cells induced invadopodium formation. RNA interference and dominantnegative mutant expression analyses revealed that neural WASP (N-WASP), Arp2/3 complex, and their upstream regulators, Nck1, Cdc42, and WIP, are necessary for invadopodium formation. Time-lapse analysis revealed I that invadopodia are formed de novo at the cell periphery and their lifetime varies from minutes to several hours. Invadopodia with short lifetimes are motile, whereas long-lived invadopodia tend to be stationary. Interestingly, suppression of cofilin expression by RNA interference inhibited the formation of long-lived invadopodia, resulting in formation of only short-lived invadopodia with less matrix degradation activity. These results indicate that EGF receptor signaling regulates invadopodium formation through the N-WASP-Arp2/3 pathway and cofilin is necessary for the stabilization and maturation of invadopodia.
Introduction
Metastasis, a process in which tumor cells spread to another organ, is the most feared property of malignant cancer cells. For cancer cells to metastasize, they must first detach from the parent tumor and invade and migrate into surrounding connective tissue and blood vessels (Chambers et al., 2002) . This invasion of cancer cells is induced by chemoattractants, such as EGF, that diffuse from blood vessels and get secreted from other cell types, including macrophages (Condeelis and Segall, 2003; Wyckoff et al., 2004) . The initial step of cancer cell migration and invasion is the extension of cell protrusions in the direction of cell movement (Friedl and Wolf, 2003) . The formation of these cell protrusions is driven by actin polymerization at the leading edge (Pollard and Borisy, 2003) . Malignant tumor cells often show excessive cell protrusive activity due to aberrant activation of signaling pathways that regulate actin cytoskeletal rearrangement .
Invadopodia are membrane protrusions with a matrix degradation activity formed by invasive cancer cells (Chen, 1989) . These structures extend vertically from the ventral cell membrane into the ECM. In tumors, invadopodia-like structures are believed to be important for tumor cells to penetrate the basement membrane of blood vessels (Condeelis and Segall, 2003) . Invadopodia are enriched with actin filaments, actin binding proteins, adhesion proteins, matrix proteinases, and signaling proteins that regulate the actin cytoskeleton and membrane remodeling McNiven et al., 2004) . However, molecular mechanisms that govern assembly and dynamics of invadopodia are still not well understood.
WASP (Wiskott-Aldrich syndrome protein) family proteins are key regulators of the actin cytoskeleton Stradal et al., 2004) . To date, five family members, WASP, neural WASP (N-WASP), WAVE1 (WASP family verprolin-homologous protein 1), WAVE2, and WAVE3, have been described. WASP family proteins are implicated in a variety of cellular processes associated with dynamic actin structures, such as the formation of membrane protrusions, vesicular trafficking, and the intracellular motility of several pathogens. All WASP family proteins have a conserved COOHterminal region termed the VCA (verprolin homology, cofilin homology or central, and acidic) domain. This catalytic domain induces actin polymerization through the activation of the Arp2/3 (actin-related protein 2 and 3) complex (Millard et al., 2004) . The Arp2/3 complex nucleates actin filaments and forms a branched actin filament network observed in lamellipodia. Several signaling molecules, such as Nck, Grb2, WISH (WASPinteracting SH3 protein), Cdc42, and phosphoinositides, have been shown to activate N-WASP by releasing it from the autoinhibitory conformation. Nck recruits N-WASP protein to the active site of actin polymerization through WIP (WASP-interacting protein; Moreau et al., 2000) . Several groups reported that WASP, N-WASP, and Arp2/3 complex are components of podosomes, similar structures to invadopodia (Linder et al., 1999; Mizutani et al., 2002; Kaverina et al., 2003) . Also, recent results with an N-WASP biosensor demonstrated that N-WASP is activated at the cell membrane during the initiation of invadopodium formation, thereby implicating N-WASP activity in the initiation of invasion (Lorenz et al., 2004b) . However, functions of these proteins in invadopodia remain to be determined.
Cofilin is a critical regulator of actin dynamics and protrusive activity in cells. Cofilin nucleates actin polymerization by severing actin filaments to generate free barbed ends (Condeelis, 2001) . Cofilin also increases the rate of actin depolymerization, thus maintaining a pool of actin monomer . Previous studies showed that cofilin stimulates lamellipod protrusion and cell migration (Chan et al., 2000; Dawe et al., 2003; Ghosh et al., 2004) . Moreover, cofilin is one of the essential components for in vitro reconstitution of Listeria monocytogenes motility that is driven by actin polymerization (Loisel et al., 1999) . The function of cofilin in invadopodium formation has not yet been studied.
Recent studies using DNA microarrays have revealed that a subset of proteins involved in the rearrangement of the actin cytoskeleton is overexpressed in metastatic cancer cells. For example, the N-WASP gene has been identified to be upregulated in metastatic lesions of colorectal cancers (Yanagawa et al., 2001) . Moreover, the invasive population of tumor cells in mammary tumors expresses, at elevated levels, components of the pathways that regulate actin polymerization at the leading edge, including Cdc42, Arp2/3 complex subunits, and cofilin . However, little is known about the role of N-WASP, Arp2/3 complex, and cofilin in the acquisition of invasive phenotypes by cancer cells.
Here, we report the functional analyses of the N-WASPArp2/3 complex pathway and cofilin in invasiveness of MTLn3 rat adenocarcinoma cells. We found that N-WASP and the Arp2/3 complex have a role in the formation of invadopodia induced by the EGF receptor signaling. Cdc42, Nck1, and WIP are necessary for invadopodium formation among upstream regulators of N-WASP. Interestingly, cofilin is not necessary for invadopodium formation, but is required for maturation of fully functional invadopodia.
Results

Characterization of invadopodium formation in rat mammary carcinoma cells
When cultured on Alexa488-labeled fibronectin (FN) and gelatin-coated dishes, MTLn3 cells, highly metastatic rat mammary adenocarcinoma cells, formed punctate structures rich in actin filaments at the ventral cell membrane (Fig. 1 A) . Z sectioning by confocal microscopy revealed that these structures protruded vertically from the ventral membrane into FN matrix. These protrusions were often associated with sites of FN degradation that were detected as black holes in the Alexa488 channel and were positive for cortactin, an actin binding protein known to localize at invadopodia (Fig. 1 B) . These properties of the actin dot structures are clearly consistent with that of invadopodia reported previously McNiven et al., 2004) .
We examined the correlation between invadopodium formation and metastatic potential of cancer cells. MTC cells were derived from the same breast tumor as MTLn3 cells, but these cells are less invasive and nonmetastatic, as revealed by in vitro invasion assays and animal model experiments (Neri et al., 1982; Wyckoff et al., 2000b) . MTC cells were cultured on Alexa488 FN-gelatin dishes and examined for invadopodium formation. MTC cells showed well elongated and spread morphology on the FN-gelatin dish compared with MTLn3 cells. However, invadopodium formation and degradation of FN were hardly observed in these cells (Fig. 1, B and C) . To quantitate invadopodium formation, the number of cells with cortactin-positive invadopodia was calculated (Fig. 1 D) . Approximately 21% of MTLn3 cells and only 2% of MTC cells showed invadopodium formation.
Time-lapse analysis of invadopodia
To study the assembly mechanism of invadopodia, we performed time-lapse microscopy with MTLn3 cells stably expressing GFP-or YFP-actin cultured on the FN-gelatin dishes.
Invadopodia often arise at the cell periphery (Fig. 2 A and Video 1, available at http://www.jcb.org/cgi/content/full/ jcb.200407076/DC1). Most invadopodia were formed de novo, and few invadopodia showed fission or fusion behavior. Surprisingly, invadopodia were motile; some of them moved around on the ventral cell membrane and then disappeared within minutes, whereas others first showed motile behavior and then arrested, remaining in the same position for hours (Fig. 2 A, a-c) . When invadopodia became stationary, they were often associated with halo-like actin clouds that surround an actin-rich core of invadopodia (Fig. 2 A, a) . When the fluorescence intensity of GFP-actin of an invadopodium is plotted versus the speed of its movement between frames as a function of time, there is a significant inverse correlation between the intensity and the speed of the invadopodium (Fig. 2 C) . This result suggests that motile invadopodia are associated with fewer actin filaments than stable invadopodia. Interestingly, we repeatedly observed that long-lived stable invadopodia were left behind when cells moved away, resulting in formation of a taillike membrane structure ( Fig. 2 B and Video 2, available at http://www.jcb.org/cgi/content/full/jcb.200407076/DC1), indicating that they have a strong contact with the substrate, protruding into the ECM.
We then measured the lifetime and movement of invadopodia. The lifetime of invadopodia varies from a few minutes up to several hours (Fig. 2 D) . Tracking analysis of invadopodia movement showed that invadopodia with longer lifetimes have a tendency to stay at one spot and are less motile than short-lived invadopodia (Fig. 2, E and F) . This observation was confirmed by dividing the net distance moved for each invadopodium by its lifetime and plotting that ratio versus lifetime (Fig. 2 G) . The ratio is expected to be lower if invadopodia are more stationary. The result is consistent with the hypothesis that long-lived invadopodia derive from motile precursors and they are stationary because they are protruded into matrix.
EGF and the EGF receptor signaling are necessary for the formation of invadopodia EGF is a well-known growth factor that induces dynamic cell protrusions associated with the actin cytoskeleton. The difference in invasive potential between MTLn3 and MTC cells is at least partly due to different responsiveness to EGF. MTLn3 but not MTC cells show chemotaxis to EGF as observed both in culture and tumors (Bailly et al., 1998; Wyckoff et al., 2000a) . Therefore, we examined the importance of EGF receptor signaling in invadopodium formation.
MTLn3 cells were cultured on the FN-gelatin dishes in the presence of serum with or without an EGF receptor kinase inhibitor, AG1478. AG1478 treatment inhibited formation of invadopodia in a dose-dependent manner (Fig. 3 A) . As shown in Fig. 3 C, MTLn3 cells formed lamellipodia and stress fibers even after treatment with AG1478, suggesting that in serum, invadopodia are more dependent on EGF receptor signaling than other actin structures. Similar results were obtained with two other EGF receptor kinase inhibitors, PD153035 and Iressa (Fig. S1 , available at http://www.jcb.org/cgi/content/full/jcb. 200407076/DC1). We tested if EGF stimulation is sufficient to induce invadopodium formation in MTLn3 cells. After serum starvation, MTLn3 cells grown on FN-gelatin dishes were stimulated with EGF. Serum starvation markedly reduced invadopodium formation (Fig. 3, B and D) . Stimulation with EGF induced extension of lamellipodia as well as formation of actin dot-like structures that were observed at the basal membrane and positive for cortactin staining (Fig. 3 D) . The EGF-induced formation of invadopodia was blocked by preincubation of cells with AG1478 (Fig. 3 B) .
Localization of WASP family proteins and the Arp2/3 complex at invadopodia WASP family proteins have been reported to induce de novo actin polymerization through activation of the Arp2/3 complex in response to extracellular stimuli including EGF stimulation. Thus, we next examined the localization of N-WASP and other WASP family proteins, WAVE1 and WAVE2, along with the downstream effecter Arp2/3 complex at invadopodia (Fig. 4) . WAVE3 expression was undetectable in cultured MTLn3 cells by RT-PCR analysis (Fig. S2 , available at http://www.jcb.org/cgi/content/full/ jcb.200407076/DC1). N-WASP staining was clearly concentrated at invadopodia. WAVE1 staining was very dim in these cells and showed no specific localization. Strong staining for WAVE2 was seen in the cytoplasm and nucleus and at the leading edges of lamellipodia, but not at invadopodia. p34arc, a subunit of the Arp2/3 complex, localized at invadopodia as well as at the leading edges of lamellipodia. A similar staining pattern was obtained with an antibody against Arp2, another subunit of the Arp2/3 complex (unpublished data). These results indicate that N-WASP is specifically localized at invadopodia together with the Arp2/3 complex, whereas the WAVE proteins are not.
N-WASP and the Arp2/3 complex are essential components of invadopodia
We assessed the involvement of N-WASP and the Arp2/3 complex in invadopodium formation. RNA interference (RNAi) was performed to reduce expression of N-WASP, WAVE1, WAVE2, and p34arc, and reduction of protein expression was confirmed by immunoblotting (Fig. 5 A) . In N-WASP small interference RNA (siRNA)-treated cells, the N-WASP expression level was reduced to ‫ف‬ 30% of control cells. The expression of WAVE1 was reduced to Ͻ 30% of control cells by siRNA treatment, and WAVE2 and p34arc expression were hardly detected in the siRNA-treated cells. Cells treated with N-WASP siRNA showed a reduction of invadopodium formation but no inhibition of lamellipodium formation (Fig. 5, B and C) . This effect of N-WASP siRNA was rescued by ectopic expression of bovine GFP-N-WASP that has mismatches in the N-WASP siRNA target sequence (Fig. 5 C) . Similar inhibition of invadopodium formation was observed in cells transfected with a dominant-negative mutant ( ⌬ cof) of N-WASP that lacks the sequence required for efficient Arp2/3 complex binding and activation (Banzai et al., 2000; Fig. 5 D) . Overexpression of the N-WASP CA domain that dislocates the Arp2/3 complex and p34arc siRNA treatment also resulted in inhibition of invadopodium formation (Fig. 5 , B, C, and E). In contrast, WAVE1 and WAVE2 siRNA-treated cells formed invadopodia as efficiently as control cells (Fig. 5, B and C) . Degradation activity of the siRNA-treated cells correlated with invadopodium formation, except for WAVE1 siRNA (Fig. S3 , available at http://www. jcb.org/cgi/content/full/jcb.200407076/DC1). WAVE1 siRNAtreated cells showed a significant decrease in degradation activity, although formation of invadopodia looked normal. This result may be due to the decreased secretion of MMP-2, an ECM-degrading metalloproteinase and a component of invadopodia (Chen and Wang, 1999) , by WAVE1 knock down as reported previously . Together, these results indicate that N-WASP and the Arp2/3 complex, but not WAVE1 and 2, are required for formation of invadopodia and that WAVE1 has an indirect role in matrix degradation.
Nck1, but not Grb2, is necessary for invadopodium formation
Several upstream activators, including Nck, Grb2, Cdc42, WIP, and WISH, have been shown to regulate N-WASP activation. Also, these proteins are known to mediate the EGF receptor signaling pathway-dependent reorganization of the actin cytoskeleton. Therefore, we analyzed the importance of these upstream activators of N-WASP in invadopodium formation.
First, we examined the localization of Nck1 and Grb2 at invadopodia by expressing GFP-fusion proteins (Fig. 6 A) . GFPNck1 accumulated at invadopodia, and to a lesser extent at focal adhesions. In contrast, GFP-Grb2 was seen throughout the cytoplasm and not localized at invadopodia. Then, we performed targeted depletion of Nck1 and Grb2 by RNAi. Both Nck and Grb2 protein levels were reduced to Ͻ 10% of the control level after siRNA treatment in immunoblotting (Fig. 6 B) . Because we used an antibody against Nck that recognizes both Nck1 and Nck2, the immunoblotting result demonstrates that Nck1 is the major isoform in MTLn3 cells. Invadopodium formation in Nck1 siRNA-treated cells was markedly suppressed, whereas Grb2 siRNA treatment had little effect (Fig. 6 C) . Degradation activity was also inhibited by Nck1 siRNA treatment (Fig. S3 ). Ectopic expression of human GFP-Nck1 partially restored invadopodium formation in Nck1 siRNA-treated cells (Fig. 6 C) . Nck2 may account for the residual invadopodium formation in Nck1siRNA-treated cells. Indeed, expression of Nck2 was detected in MTLn3 cells (Fig. S2) . We tried Nck2 knock down by RNAi in this assay but it was not informative with regard to invadopodium formation due to impairment of cell adhesion and spreading on the matrix in Nck2 knockdown cells.
Cdc42 and WIP are crucial regulators of invadopodium formation
The importance of Cdc42 was examined by reducing its expression by RNAi. Cells were transfected with siRNA designed against the Cdc42 gene and tested for invadopodium formation. Knock down of Cdc42 protein was confirmed by immunoblot- ting lysates prepared from cells treated with control or Cdc42 siRNA (Fig. 7 A) . Cells treated with Cdc42 siRNA showed a nearly complete inhibition of invadopodium formation (Fig. 7 , B and C). Similar inhibition was observed in cells transfected with dominant-negative Cdc42 (Fig. S4 , available at http:// www.jcb.org/cgi/content/full/jcb.200407076/DC1). Thus, Cdc42 activity is required for invadopodium formation.
Next, we tested whether or not WIP is involved in the formation of invadopodia. WIP is thought to link Nck and N-WASP to induce actin polymerization (Moreau et al., 2000; Benesch et al., 2002) . MTLn3 cells were transfected with GFPtagged wild-type WIP or the N-WASP binding domain (WBD) of WIP that disrupts the interaction between N-WASP and WIP (Moreau et al., 2000) . Wild-type GFP-WIP significantly accumulated at invadopodia (Fig. 7 D) . Cells expressing GFP-WBD showed a marked reduction in invadopodium formation (Fig. 7, D and E) . Because WIP was also shown to associate with cortactin, a central component of invadopodia (Kinley et al., 2003) , we tested the importance of the WIP-cortactin interaction by overexpressing a WIP fragment containing the cortactin-binding domain (CBD). GFP-CBD signals were observed at invadopodia, and its expression showed little effect on invadopodium formation (Fig. 7, D and E) . These results demonstrate that WIP-N-WASP interaction is necessary for invadopodium formation but not WIP-cortactin interaction.
WISH is an N-WASP binding protein that is able to fully activate N-WASP independently of Cdc42 (Fukuoka et al., 2001) . WISH expression in MTLn3 cells was confirmed by RT-PCR (Fig. S2) . GFP-tagged wild-type and ⌬ SH3 mutant of WISH proteins were overexpressed in MTLn3 cells. The ⌬ SH3 mutant of WISH lacks the N-WASP binding site, therefore this mutant is supposed to act as a dominant-negative mutant. Wildtype GFP-WISH was observed at invadopodia (Fig. 7 F) . Interestingly, WISH ⌬ SH3 also accumulated at invadopodia, indicating that localization of WISH at invadopodia is independent of N-WASP binding. Concurrently, invadopodium formation was not affected by overexpression of wild-type or ⌬ SH3 WISH (Fig. 7 G) . These results suggest that WISH-N-WASP binding is dispensable for invadopodium formation.
Suppression of cofilin expression results in the formation of short-lived, less invasive invadopodia
We previously reported that cofilin is necessary for lamellipod protrusion induced by EGF in MTLn3 cells (Chan et al., 2000; DesMarais et al., 2004) . Therefore, we investigated if cofilin has a role in formation of invadopodia. Localization of endogenous cofilin was examined by immunostaining with antcofilin antibody (Fig. 8 A) . Strong cofilin staining was observed at the leading edge of lamellipodia, and cofilin was also localized at invadopodia. Cofilin function was investigated by knocking down cofilin expression by RNAi. The siRNA used was shown to be specific for cofilin by rescue experiments . Cofilin expression in the siRNA-treated cells was suppressed at least by 80% (Fig. 8 B) . Cofilin siRNA-treated cells had an elongated morphology and were still capable of forming cortactin-positive invadopodia, although these invadopodia looked smaller than those in control cells (Fig. 8 C) . Quantitative analysis revealed only a small but significant decrease in invadopodium formation in cofilin siRNA-treated cells (Fig. 8  D) . The matrix degradation activity of cofilin knockdown cells was also examined. Interestingly, cofilin siRNA-treated cells showed less ability to invade and degrade matrix than control cells (Fig. 8 E and Fig. S3 ). This result raised the possibility that cofilin is required for maturation of invadopodia. To test this possibility, time-lapse analysis was performed with YFPactin cells treated with control or cofilin siRNA. This analysis clearly demonstrated that the lifetime of invadopodia was shortened by cofilin siRNA treatment as compared with control cells (Fig. 8 F) . The number of cells with invadopodia with lifetimes Ͻ 20 min was increased, whereas the number with lifetimes Ͼ 30 min was decreased. Together, these results indicate that cofilin has a role in the stabilization and/or maturation process of invadopodia rather than in the initiation process.
Discussion
Cells use two kinds of protrusions, filopodia and lamellipodia, to migrate forward in two-dimensional culture. In addition to these structures, invasive cancer cells can form another type of protrusive structure, the invadopodium that is associated with ECM degradation. Considering that most tumor cells are surrounded by ECM in vivo, invadopodia may be major protrusive structures formed by cancer cells in the three-dimensional physiological environment.
N-WASP and Arp2/3 complex in invadopodium formation
In this work, we demonstrate that N-WASP and Arp2/3 complex but not WAVE1 and WAVE2 are required for invadopodium formation by highly invasive and metastatic cancer cells. This finding is consistent with N-WASP biosensor experiments showing transient N-WASP activity in invadopodia (Lorenz et al., 2004b) . Additionally, localization of N-WASP at invadopodia was also observed in other human cancer cell lines including HT1080 fibrosarcoma and RPMI7951 melanoma cells (unpublished data). These observations suggest that N-WASP functions in invadopodium formation in a broad range of cancer cell types. We demonstrated that highly metastatic MTLn3 cells but not nonmetastatic MTC cells can form invadopodia, indicating a direct correlation between the ability to form invadopodia and metastatic potential of cancer cells. Coopman et al. (1998) also showed a relationship between the localized degradation of ECM by invadopodia and invasive capacity of human breast cancer cell lines. Therefore, invadopodia-related molecules, such as N-WASP and Arp2/3 complex, could be therapeutic targets of cancer metastasis. Additionally, our results also indicate that N-WASP is involved in the protrusion of invadopodia but not lamellipodia. This is consistent with the observation that N-WASPdeficient fibroblasts can form lamellipodia normally (Snapper et al., 2001 ). These results suggest that N-WASP is important for specialized focal protrusive structures and not broad protrusive activity involved in cell locomotion.
Nck, Cdc42, and WIP mediate EGF receptor signaling to invadopodium formation
In many different cancer cell types the prognosis of a patient is inversely correlated with the overexpression and/or amplification of the EGF receptor family (Nicholson et al., 2001) . Accumulating evidence suggests that EGF receptor ligands and the EGF receptor signaling pathway are critical for the invasiveness and metastasis of cancer cells. Indeed, EGF receptor inhibitors have been shown to inhibit invasive po- tency of cancer cells (Fujimura et al., 2002; Yang et al., 2004) . In this paper, we showed that EGF receptor signaling is necessary for invadopodium formation. Therefore, invadopodium formation may be an initial key step of cancer cell invasion and metastasis induced by activation of EGF receptor signaling.
EGF receptor activation stimulates signaling pathways that lead to enhancement of cell growth and cell motility. N-WASP is known to be activated downstream of the EGF receptor through Cdc42 and/or adaptor proteins including Grb2, Nck, WIP, and WISH. Additionally, activation of Cdc42 was observed after EGF stimulation in MTLn3 cells (unpublished data). We report here that Nck1, Cdc42, and WIP, but not Grb2 and WISH, are crucial for invadopodium formation. Cdc42 was also shown to function in invadopodium formation in human melanoma cells (Nakahara et al., 2003) . Rohatgi et al. (2001) showed that Nck activates N-WASP in vitro, and, interestingly, Nck and Cdc42 have redundant effects on N-WASP activity. Therefore, it is unlikely that both Nck and Cdc42 directly bind to and activate N-WASP simultaneously at invadopodia. Nck and/or Cdc42 might have other effecters that regulate invadopodium formation, such as PAK, a well-characterized Nck and Cdc42 downstream effecter that has been implicated in cytoskeletal dynamics and cell motility. However, PAK activity was not important for invadopodium formation (Fig. S5 A, available at http://www.jcb.org/cgi/content/full/jcb.200407076/DC1). An alternative possibility is that Cdc42 regulates N-WASP activity indirectly through Toca-1 (transducer of Cdc42-dependent actin assembly), a novel regulator of Cdc42-dependent actin polymerization (Ho et al., 2004) . Toca-1 links Cdc42 activity to N-WASP by direct binding to both molecules. Notably, Ho et al. (2004) also showed that most of N-WASP proteins are complexed with WIP in bovine brain and Xenopus laevis eggs, and this complex formation is required for proper regulation of N-WASP activity by Toca-1. Consistent with this, we also detected an interaction between N-WASP and WIP in MTLn3 cells, but this interaction was unchanged upon EGF stimulation (Fig. S5 B) , indicating that the N-WASP-WIP complex is constitutive in MTLn3 cells. Collectively, Nck1 may recruit the N-WASP-WIP complex to the site of invadopodium formation upon EGF stimulation, and Cdc42 indirectly activates N-WASP through Toca-1 to initiate invadopodium assembly. Also, it is possible that Nck and Cdc42 regulate N-WASP activity in succession at different stages of invadopodium formation. Further work would be necessary to define the exact upstream signals that regulate N-WASP activation at invadopodia.
Invadopodia and podosomes
Podosomes are highly dynamic actin-rich adhesion structures formed by cells of monocytic lineage such as macrophages and osteoclasts and by other cell types including certain transformed fibroblasts and smooth muscle cells (Linder and Aepfelbacher, 2003) . Podosomes are enriched in regulatory proteins for the actin cytoskeleton, including Cdc42 and WIP (Moreau et al., 2003) and adhesion proteins . Podosomes formed by transformed fibroblasts are capable of degrading ECM (Mizutani et al., 2002) . Therefore, podosomes and invadopodia share similarities in appearance and molecular composition. However, recent studies have revealed several significant differences between these structures in structure and function (Baldassarre et al., 2003) . For example, podosomes are tubular invaginations of the ventral plasma membrane (Ochoa et al., 2000) , whereas invadopodia are membrane protrusions extending into the ECM that originate from the large invagination of the ventral plasma membrane without evidence of inward tubulations. It has been proposed that podosomes could be precursor structures that mature into invadopodia under the appropriate physiological conditions (Baldassarre et al., 2003; Linder and Aepfelbacher, 2003) , although direct experimental evidence for this hypothesis has not been available.
In this work, we performed for the first time a time-lapse analysis of invadopodium formation. This analysis revealed that there are significant differences between podosomes and invadopodia in terms of their dynamics: (a) invadopodia are mainly formed de novo at the cell periphery around lamellipodia. Evans et al. (2003) reported that macrophage podosomes assemble also at the leading lamella, but mainly by fragmentation of preexisting precursors. Therefore, assembly mechanisms seem to differ between invadopodia and macrophage podosomes. (b) Invadopodia have lifetimes varying from a few minutes to hours, whereas the lifetime of podosomes was reported to be several minutes (Destaing et al., 2003; Evans et al., 2003) . (c) Invadopodia are motile structures. In contrast, it was reported that net movement of podosome clusters is achieved by continuous formation of podosomes at the front and disassembly at the rear, and individual podosomes are not motile (Destaing et al., 2003) .
We found that there are roughly two types of invadopodia, short-lived motile invadopodia and stationary long-lived invadopodia. The stationary invadopodia appear to have a strong contact with the substrate, suggesting that they protrude into matrix and execute matrix degradation. Additionally, it was often observed that long-lived invadopodia moved around after formation and then became stationary. Therefore, the short-lived motile invadopodia appear to be precursors of fully functional invadopodia. Given that the lifetime of podosome is several minutes, podosomes might be equivalent to the shortlived invadopodia observed in this paper. However, there are still some differences between these two structures as described in the previous paragraph. These differences could be caused by the use of different substrates for analysis because most studies of podosome function have been performed on nonphysiological substrates such as glass. Also, it is possible that the organization and dynamics of invadopodia/podosomes are cell type dependent. Therefore, more detailed analyses will be necessary to understand the relationship between invadopodia and podosomes.
Function of cofilin in invadopodium formation
We found that suppression of cofilin expression by siRNA results in the formation of small, less invasive invadopodia with short lifetimes. These results suggest that cofilin principally functions in the maturation of invadopodia, rather than the initiation of invadopodium assembly. We often observed that long-lived stationary invadopodia have strong actin signals and are associated with actin clouds indicative of a burst of actin polymerization, suggesting that actin polymerization is required for maturation of invadopodia. Recent studies have demonstrated that Arp2/3 complex and cofilin synergize to induce barbed end formation that drives EGF-induced lamellipodia protrusion . Therefore, cofilin and Arp2/3 complex activity may induce a burst of actin polymerization that is required for invadopodium protrusion, producing stabilization and subsequent maturation.
A model for invadopodium formation
In summary, we propose a model for invadopodium formation (Fig. 9, A and B) . Invadopodia are assembled at the cell periphery around lamellipodia de novo. Formation of invadopodia can be triggered by activation of the EGF receptor. Nck1 and Cdc42 are recruited and/or activated downstream of the EGF receptor. Nck1 recruits the N-WASP-WIP complex to the sites of invadopodium formation, and Cdc42 may activate N-WASP through Toca-1. Activated N-WASP induces actin polymerization through Arp2/3 complex that drives invadopodium initiation. These newly formed invadopodia are motile and move laterally at the ventral surface of the cell until additional stimuli induce stabilization. This process requires polymerization of an actin network at the base of invadopodia to anchor these structures. Cofilin may be required for optimizing Arp2/3 complex-mediated dendritic nucleation to cause elongation of the invadopodia and its stabilization. 
Materials and methods
Cell culture
MTLn3 and MTC cells are derived from the 13762NF rat mammary adenocarcinoma. Cells were cultured in ␣ -MEM supplemented with 5% FBS and antibiotics and stimulated with EGF as described previously (Segall et al., 1996) .
Antibodies and constructs
Anti-N-WASP and anti-cofilin antibodies have been described previously (Miki et al., 1996; Chan et al., 2000) . Anti-WAVE1 and -WAVE2 antibodies were provided by S. Suetsugu and D. Yamazaki (Institute of Medical Science, University of Tokyo, Tokyo, Japan) and described previously . Anti-p34 and anti-Grb2 antibodies were purchased from Upstate Biotechnology, and anti-␤ -actin antibody was purchased from Sigma-Aldrich. Anti-Cdc42 antibody was obtained from Santa Cruz Biotechnology, Inc. Anti-Nck antibody is a gift from T. Pawson (Samuel Lunenfeld Research Institute, Mount Sinai Hospital, Toronto, Canada). GFP-Nck1, Grb2, WIP, and WIP WBD constructs are a gift from M. Way (Cancer Research UK, London, UK). For GFP-tagged WISH constructs, cDNAs encoding full-length mouse WISH and ⌬ SH3 mutant (154-711 aa) that were provided by M. Fukuoka (Institute of Medical Science, University of Tokyo, Tokyo, Japan) were cloned into pEGFP-C1 vector (CLONTECH Laboratories, Inc.). For retroviral construct, cDNA encoding dominant-negative N-WASP ( ⌬ cof; Banzai et al., 2000) was ligated into pMX plasmid vector. For bovine GFP-N-WASP construct, bovine N-WASP cDNA was ligated into pEGFP-C1 vector. For WIP CBD construct, cDNA encoding a WIP sequence (124-223 aa) was amplified by RT-PCR from total RNA extracted from MTLn3 cells, and then subcloned into pEGFP-C1 vector.
Invadopodium assay
Fluorescent matrix-coated dishes were prepared as described previously (Chen, 1989) . Alexa488 protein labeling kit (Molecular Probes) was used for labeling FN (Sigma-Aldrich). Cells were cultured on the FN-gelatincoated dishes for 8 to 16 h. For quantitation of invadopodium formation, cells were stained with anti-cortactin antibody and phalloidin. The cells were scored as invadopodium positive if dot-like structures containing both actin filaments and cortactin were present at the basal membrane. Error bars in all figures represent the SD of three different determinations. At least 100 cells were counted in each determination.
Transfection
MTLn3 cells were transfected with indicated plasmids using Lipofectamine 2000 (Invitrogen). Cells were plated at 70% confluence to 6-well plate, and the next day they were incubated with 2 g DNA and 4 l Lipofectamine 2000 in OPTI-MEM (Invitrogen) for 45 min. After extensive wash with complete medium, cells were cultured in complete medium for 24 h. The cells were then replated onto FN-gelatin dishes and cultured for an additional 16 h before being analyzed. Retroviral transfection was performed as described previously (Miki et al., 1998) .
RNAi
Control, nonsilencing siRNA (AATTCTCCGAACGTGTCACGT) was purchased from QIAGEN. N-WASP siRNA (AAGACGAGATGCTCC-AAATGG), WAVE1 siRNA (AATGCCTCCGTCCCCACCTTC), WAVE2 siRNA (AAGGAATCAACACTCGTAAGG), p34arc siRNA (AAGGAACT-TCAGGCACACGGA), Grb2 siRNA (AACATCCGTGTCCAGGAACCA), and Nck1 siRNA (GATGATAGCTTTGTTGATCCA) were purchased from Ambion. Cdc42 siRNA (AAAGACTCCTTTCTTGCTTGT) was purchased from Dharmacon. All aforementioned sequences are target rat gene sequences used to design each siRNA. Cofilin siRNA was described previously . MTLn3 cells were transfected with 100 nM siRNA (WAVE2 siRNA, 50 nM; Cdc42 siRNA, 30 nM) using Oligofectamine (Invitrogen). The cells were cultured for 32 h and then replated onto a FN-gelatin dish for 16 h before being analyzed. For rescue experiments, bovine GFP-N-WASP and human GFP-Nck1 constructs were transfected as described in the previous section at 24 h after siRNA transfection. For immunoblotting, cell lysates were prepared at 48 h after siRNA transfection.
Immunofluorescence
Cells were fixed in 3.7% formaldehyde for 15 min, permeabilized with 0.1% Triton X-100 for 10 min, and blocked in 1% BSA and 1% FBS for 30 min. For cofilin staining, cells were fixed in 3.7% formaldehyde, 0.1% glutaraldehyde, and 0.075 mg/ml saponin for 1 h. The cells were incubated with primary antibodies for 1 h, and then with fluorophore-conjugated secondary antibodies and rhodamine phalloidin (Molecular Probes) for 30 min. The cells were treated with 1 mg/ml sodium borohydrate in PBS for 10 min to quench autofluorescence of residual glutaraldehyde that was used to cross-link gelatin film. All samples were observed with a microscope (Olympus) equipped with a cooled CCD camera or with a confocal laser-scanning microscope (model Radiance 2000; Bio-Rad Laboratories). The images were processed with Adobe Photoshop.
Immunoblotting
Cells were washed with ice-cold PBS before direct extraction in SDS-PAGE sample buffer. The samples were resolved by SDS-PAGE, transferred to nitrocellulose membrane, and blocked in 5% nonfat dried milk. The membranes were incubated with primary antibodies for 1 h, and followed by incubation with peroxidase-conjugated secondary antibodies for 30 min. Immunoreactive bands were detected using a ECL-plus kit (Amersham Biosciences).
Time-lapse microscopy
MTLn3 cells stably expressing YFP-or GFP-actin were used as described previously (Lorenz et al., 2004a) . In brief, time-lapse series of the cells were taken at 37 Њ C using a microscope (model 470; Olympus) equipped with a computer-driven cooled CCD camera, humidified CO 2 chamber, and autofocus system and operated by IPlab Spectrum software (VayTek). Phase and fluorescence images were taken every 2 min for up to 16 h. Digital images were converted in NIH image, and lifetime, fluorescence intensity, and motion of invadopodia were analyzed. Fig. S1 shows inhibition of invadopodium formation by EGF receptor kinase inhibitors. Fig. S2 shows RT-PCR analysis of Nck, WISH, and WAVE expression. Degradation activity of siRNA-treated cells is shown in Fig.  S3 . Function of Cdc42 in invadopodia was analyzed in Fig. S4 . Involvement of PAK in invadopodium formation was examined in Fig. S5 A. 
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